An epidemic of diarrhoea in adult cows occurred at a total of 105 dairy farms in Yamagata Prefecture, Japan, between 2003 and 2010. Reverse transcription-PCR diagnostic tests revealed the presence of bovine rotavirus species C (RVCs) in samples from each of six farms (5.7 %). In this study, we determined the full-length nucleotide sequences of 11 RNA segments from six bovine RVC strains and investigated genetic diversity among them, including two bovine RVC strains identified in a previous study. Comparisons of all segmental nucleotide and the deduced amino acid sequences among bovine RVCs indicated high identities across all genes except for the VP4 gene. Phylogenetic analysis of each gene revealed that the six bovine RVCs belonged to a bovine cluster distinct from human and porcine RVCs. Bovine RVC strains could be clearly divided into two lineages of the VP4 genes. The nucleotide sequence identity for VP4 genes between lineage I and II was 83.7-84.8 %. Moreover, bovine RVC strains belonging to lineage I exhibited one amino acid deletion and three amino acid insertions, which differed for those strains belonging to lineage II. Our data suggest that multiple bovine RVCs originated from a common ancestor, but had different genetic backgrounds, not only in Yamagata Prefecture but also in the rest of Japan.
INTRODUCTION
Rotaviruses, members of the family Reoviridae, are major causative pathogens of diarrhoea in humans and animals, resulting in the deaths of millions of children in developing countries, and economic loss to many livestock industries (Estes & Kapikian, 2007) . The genome of these viruses consists of 11 dsRNA segments encoding six viral proteins (VP1-4, VP6 and VP7) and non-structural proteins (NSP1-5/6). Rotaviruses are currently divided into eight species, commonly termed groups A-H, on the basis of their distinct antigenicity and genetic characterization of the major capsid protein, VP6 (Matthijnssens et al., 2012) . In rotavirus A (RVA), two outer capsid proteins, VP7 and VP4, which independently elicit neutralizing antibody responses, determine a dual classification system, differentiating VP7 (G) and VP4 (P) genotypes, and consequently at least 27 G genotypes and 37 P genotypes have been identified to date (Matthijnssens et al., 2011; Trojnar et al., 2013) . Recently, a full genome-based genotyping system consisting of classification of 11 RNA segments, as a substitute for the dual genotyping system, has been proposed and used in RVA by the Rotavirus Classification Working Group (RCWG) (Matthijnssens et al., 2008a, b) .
Rotaviruses species C (RVCs) were first isolated as a causative agent of diarrhoea in piglets, and have thereafter been associated with sporadic cases or outbreaks of diarrhoea in humans, cattle, pigs, dogs and ferrets (Saif et al., 1980; Yamamoto et al., 2011) . Human RVCs have been detected in sporadic cases or outbreaks of diarrhoea in various age groups, although they have mostly been detected in children less than 3 years old. In addition, human RVC infections have also been identified in many countries including those of North and South America, Asia, Africa, Europe and Oceania (Peñaranda et al., 1989; Caul et al., 1990; Qiao et al., 1999; Nilsson et al., 2000; Adah et al., 2002; Castello et al., 2002; Mwenda et al., 2003; Schnagl et al., 2004; Rahman et al., 2005; Yee et al., 2006) . Therefore, RVC is considered a new epidemiologically emerging agent. In addition to humans, bovine RVCs have been reported in sporadic cases or outbreaks of diarrhoea in predominantly adult dairy cows. Moreover, a high prevalence of antibodies for RVCs was detected in cattle (47-56 %) in the USA and Japan (Tsunemitsu et al., 1992) .
However, no reports on the detection of bovine RVCs have appeared except for four strains obtained in Japan and the USA (Tsunemitsu et al., 1996; Chang et al., 1999; Mawatari et al., 2004; Soma et al., 2013) . Furthermore, the bovine RVC WD534tc strain isolated from cattle in the USA was A  Y/03  AB874606, AB874612, AB874618, AB874624, AB874630, AB874636,  AB874642, AB874648, AB874654, AB874660, AB874666  2  5 January 2004  B  Y/1/04  AB874607, AB874613, AB874619, AB874625, AB874631, AB874637,  AB874643, AB874649, AB874655, AB874661, AB874667  3  13 January 2004  C  Y/2/04  AB874608, AB874614, AB874620, AB874626, AB874632, AB874638,  AB874644, AB874650, AB874656, AB874662, AB874668  4  2 June 2004  D  Y/3/04  AB874609, AB874615, AB874621, AB874627, AB874633, AB874639 VP1  VP2  VP3  VP4  VP6  VP7   nt  aa  nt  aa  nt  aa  nt  aa  nt  aa  nt  aa   Y/03  3298  1090  2709  881  2141  695  2240  733  1352  395  1063  332  Y/1/04  3298  1090  2709  881  2141  695  2247  735  1352  395  1063  332  Y/2/04  3298  1090  2709  881  2141  695  2247  735  1352  395  1063  332  Y/3/04  3298  1090  2709  881  2141  695  2240  733  1352  395  1063  332  Y/08  3298  1090  2709  881  2141  695  2240  733  1352  395  1063  332  Y/10  3298  1090  2709  881  2141  695  2240  733  1352  395  1063  332  Shintoku  3309  1090  2727  881  2166  695  2253  733  1352  395  1063  332  Toyama  3309  1090   ND   881   ND   695  2253  733  1352  395  1063  332  Bristol  3309  1090  2736  884  2166  693  2283  744  1353  395  1063  332  Cowden  3290  1082  2736  884  2145  692  2246  736  1352  395  1063  332   NSP1  NSP2  NSP3  NSP4  NSP5   nt  aa  nt  aa  nt  aa  nt  aa  nt  aa   Y/03  1273  395  1037  312  1350  402  540  146  719  209  Y/1/04  1273  395  1037  312  1350  402  540  146  719  209  Y/2/04  1273  395  1037  312  1350  402  540  146  719  209  Y/3/04  1273  395  1037  312  1350  402  540  146  719  209  Y/08  1273  395  1037  312  1350  402  540  146  719  209  Y/10  1273  395  1037  312  1350  402  540  146  719  209  Shintoku  1273  395  1037  312  1350  402   ND   146  719  209  Toyama   ND   395   ND   312   ND   402   ND found to be more closely related to the porcine RVC Cowden strain than to the bovine RVC Shintoku strain, based on genetic and antigenic analyses (Mawatari et al., 2004) .
Whole-genome analysis is beneficial for understanding the molecular characterization and evolution of pathogens. It is also useful for monitoring gene reassortment and interspecies transmission between different rotavirus strains (Matthijnssens et al., 2008b) . To date, genomic sequences consisting of 11 segmental RNAs from two bovine strains (Shintoku and Toyama), one porcine strain (Cowden) and several human strains have been analysed (Mackow, 1995; Chen et al., 2002; Yamamoto et al., 2011; Soma et al., 2013) . In our previous study, comparative sequence and phylogenetic analyses of these strains demonstrated that RVCs can be classified into different genotypes according to host species (Soma et al., 2013) . Furthermore, significant genetic diversity has been observed in the VP3 genes among human RVCs (Yamamoto et al., 2011) . Similarly, genetic diversity was also recently observed in the VP7 genes among porcine RVCs (Marthaler et al., 2013) . However, it is unclear whether this level of genetic diversity exists among bovine RVCs, due to limited genomic information. Marthaler et al. (2013) and Soma et al. (2013) , respectively (see Methods). ND, Not determined.
Evolutionary dynamics of bovine RVC collected in Japan
In a serial investigation of epidemic diarrhoea in adult cows from dairy farms in Yamagata Prefecture, Japan, from 2003 to 2010, we detected bovine RVCs from six out of a total of 105 farms. In this study, we determined the full-length sequences of 11 RNA segments from the six bovine RVC strains and performed comparative sequence and phylogenetic analyses. These results provided evidence of genetic diversity among bovine RVCs, especially in the VP4 genes, based on the analysis of years of evolutionary dynamics associated with the six viral strains from Yamagata Prefecture, Japan.
RESULTS

Origin of bovine RVC
Epidemics of acute diarrhoea in adult cows were reported from 105 dairy farms in Yamagata Prefecture, Japan, from 2003 to 2010. RVCs were detected in 6/105 diarrhoeal samples (5.7 %) ( Table 1) 
Sequence and phylogenetic analyses
Comparative sequence analyses were performed to evaluate individual RNA segments between the six bovine RVC strains reported in the present study, and other previously discovered RVC strains. Lengths of the nucleotide and deduced amino acid sequences of 11 RNA segments from the six bovine RVC strains and representative human and porcine RVC strains are summarized in Table 2 . The lengths of the amino acid sequences for all remaining genes, except for the VP4 gene, from six bovine RVC strains were identical to those of two bovine RVC strains, Shintoku and Toyama, determined in our previous study (Soma et al., 2013) .
Moreover, the lengths of the amino acid sequences encoded by the VP1, VP6, VP7, NSP2 and NSP3 genes from bovine RVCs were also identical to those of human and porcine RVCs. By contrast, VP2, VP4, NSP4 and NSP5 amino acid sequences of bovine RVCs were shorter than those of human and porcine RVCs. VP3 and NSP1 from bovine RVCs were longer than their human and porcine homologues by several amino acids. The identities of the nucleotide sequences of the ORFs on individual genes among RVCs, according to host species, are presented in Table 3 . The pairwise identities of nucleotide and amino acid sequences of the ORFs on VP4 genes within bovine RVCs, and between human and porcine RVCs, are summarized in Table 4 . Sequences of all RNA segments, except for the VP4-encoding segment, among bovine RVC strains were highly conserved (.91.0 % at the nucleotide level and .89.0 % at the amino acid level; Table  3 ). The highest sequence identity was found in the VP6 gene among nine of the bovine RVC strains, excluding the WD534tc strain (.95.1 % at the nucleotide level and .99.5 % at the amino acid level). By contrast, the lowest sequence identity was found in the VP4 gene (.83.7 % at the nucleotide level and .88.9 % at the amino acid level). Moreover, the deduced amino acid sequences of VP4 genes from eight bovine RVC strains were aligned and analysed with CLUSTAL W (Fig. 1) , which revealed that the Y/1/04 and Y/2/04 strains have one amino acid deletion and three amino acid insertions that are not present in the remaining strains. Therefore, these data suggested the existence of two lineages: one consisting of the Y/1/04 and Y/2/04 strains, and the other consisting of the Shintoku, Toyama, Y/03, Y/3/04, Y/08 and Y/10 strains (Table 4) . Sequence identities of the segments common to both Y/1/04 and Y/2/04 strains were 100 % identical at the nucleotide and amino acid levels, but these values were 99.8 % and 99.3 %, respectively, for the NSP4 gene. For all genes, the bovine RVCs exhibited relatively low identities with several human RVC strains (64.9-82.1 % at the nucleotide level) and one porcine RVC strain, Cowden (66.9-82.6 % at the nucleotide level) (Table 3) . Phylogenetic analyses have been performed on all genes, except for the VP7 gene, using all RVC strains including the six bovine RVC strains presented in this study and several bovine, human and porcine RVC strains. Results indicated that the six bovine RVCs formed a bovine cluster that was distinct from human and porcine RVCs, based on the cut-off values estimated by Soma et al. (2013) (Fig. 2a-j) . Within the bovine genotype on each segment, these strains could be randomly divided into multiple lineages regardless of sampling year and location. Surprisingly, there were two clear distinct lineages evident within the VP4 genes of the bovine P[3] genotype. Phylogenetic analysis for the VP7 gene has also been performed by including our data in the data of Marthaler et al. (2013) . Based on a cut-off value of 85 % at the nucleotide level, the six bovine RVCs were classified into the G2 genotype including three bovine RVCs, Shintoku, Toyama and Yamagata strains previously published by Soma et al. (2013) , and these clearly differed from the human (G4) and porcine genotypes (G1, G3 and G4-9) (Fig. 2k ).
DISCUSSION
Although a high prevalence of RVC antibody was detected in the sera obtained from cattle in the USA and Japan, only four strains of bovine RVCs have been previously reported to our knowledge (Tsunemitsu et al., 1996; Chang et al., 1999; Mawatari et al., 2004; Soma et al., 2013) . Furthermore, it is still not known whether the unique genetic diversity observed in human and porcine RVCs exists in bovine RVCs. In the present study, we analysed the full genome sequences of six additional bovine RVC strains detected in Yamagata Prefecture, Japan, over a period of 8 years, and determined that bovine RVCs do possess a considerable genetic diversity as evidenced by comparison by insertions and deletions in the VP4 gene, but not in the remaining genes.
The Y/1/04 and Y/2/04 strains are very closely related despite having different origins, sharing 100 % sequence identities across 10 RNA segments and 99.8 % sequence identity for the NSP4 gene. Results of our study suggest that the bovine RVC may be transmitted and expanded by humans, since epidemic diarrhoea of adult cows was observed at farm C 8 days after it appeared at farm B, and the same persons worked on these two neighbouring farms. In addition, we observed two repeated diarrhoea epidemics that were caused by RVC infection at the same farm (farm B) in 2004 and 2008. Moreover, the sequence and phylogenetic analyses of these RVC strains indicated slight genetic differences between them, not only in the VP4 gene but also in the remaining genes. Therefore, the data presented here demonstrate that multiple RVC strains with different genetic backgrounds are broadly distributed, and are responsible for sporadic cases or outbreaks of diarrhoea at different times and locations in Yamagata Prefecture, Japan.
A genetic classification was recommended on the basis of the definition proposed by the RCWG (Matthijnssens et al., 2008a, b) . Briefly, a cut-off percentage for genetic classification of individual genes is needed to estimate the percentage separating the intra-genotype identities, the nucleotide/amino acid identities between strains belonging to the same genotype and the inter-genotype identities, and the nucleotide/amino acid identities between strains belonging to different genotypes. In the phylogenetic analysis of the RVC VP7 gene, a cut-off value of 85 %, obtained on the basis of nucleotide identities between a large number of porcine RVCs and other RVCs, was used to classify nine genotypes including seven porcine genotypes (Marthaler et al., 2013) . The phylogenetic tree of the VP7 gene that included our data together with the data of Marthaler et al. (2013) revealed that the six bovine RVCs used in this study were clearly grouped into the G2 genotype, which also included the three bovine RVCs discussed in our previous study (Soma et al., 2013) . In addition, the full-length or ORF nucleotide sequences for the VP4 genes have been determined in several other RVC strains, including human, two bovine and one porcine RVC strains (Bremont et al., 1992; Yamamoto et al., 2011; Soma et al., 2013) . Although we attempted to calculate a cut-off value for genotyping of the VP4 gene using those RVC strains according to the definition described above, a clear value could not be estimated because of limitations of available genomic information. In the genetic differentiation between human and porcine RVCs (Yamamoto et al., 2011) , cut-off values that were slightly higher than the maximum nucleotide sequence identity between human and animal RVCs were used, with reference to the values for genotyping of individual genes in RVA. Moreover, in our previous study, we used these same values based on the proposal for the genetic classification of bovine and other RVCs (Soma et al., 2013) . Therefore, phylogenetic analysis for the VP4 gene of all RVCs, including six additional bovine RVCs, was performed with a cut-off value of 77 %, which was higher than the maximum nucleotide sequence identity observed between bovine and porcine RVCs, but not the value calculated on the basis of the definition of the RCWG. As a result, the genetic classification of the RVC VP4 gene demonstrated the presence of three genotypes according to the host species, since the sequence identities between bovine RVC strains belonging to two different clusters exceeded the cut-off value of 80 %. However, there were differences observed in the amino acid alignment of the VP4 genes (one amino acid deletion and three amino acid insertions) between the two clusters, and hence the nucleotide sequence identities between them were Evolutionary dynamics of bovine RVC collected in Japan 83.7-84.8 %. At present, we have provisionally defined an individual cluster of bovine RVCs as a lineage. In the remaining genes, other than the VP4 gene, we performed genetic differentiation among RVCs using values estimated in the same way. Unfortunately, we were unable to determine whether those clusters should have been grouped into genotypes or lineages owing to the limited availability of full-length nucleotide sequence information for all genes except VP7. In order to accurately classify RVCs, we shall need additional genomic information for bovine RVCs from different countries and for RVCs originating from different hosts (e.g. pigs, dogs).
METHODS
Samples. A total of 105 faecal samples were collected from cows diagnosed with epidemic diarrhoea at dairy farms in Yamagata Prefecture, Japan, between 2003 and 2010. The samples were diluted 1 : 10 in PBS and clarified by low-speed centrifugation at 3000 g for 10 min. Viral RNA was extracted from 10 % faecal suspensions using the High Pure Virus RNA kit (Roche) in accordance with the manufacturer's instructions. The full-length nucleotide sequences of eight genes, except those from NSP3, NSP4 and NSP5 genes from six bovine RVCs, were amplified and sequenced with reverse transcription-PCR (RT-PCR) using a set of primers described previously (Soma et al., 2013) . The full-length sequences of NSP3, NSP4 and NSP5 genes were amplified and sequenced by RT-PCR using primers originally designed from the corresponding genes of human RVC strain, Bristol (Table S1 , available in the online Supplementary Material). RT-PCR was carried out using a One-Step RT-PCR kit (Qiagen) according to the following conditions: 50 uC for 30 min and 95 uC for 15 min, followed by 35 cycles of 94 uC for 1 min, 48 uC for 1 min and 72 uC for 2 min, and then a final extension at 72 uC for 10 min. The PCR products were sequenced directly by cycle sequencing with an auto sequencer (ABI PRISM 3130; Life Technologies).
Sequence alignment and phylogenetic analysis. The nucleotide sequences determined in this study have been submitted to the DNA Data Bank of Japan (DDBJ) nucleotide sequence database and are retrievable from GenBank (http://www.ncbi.nlm.nih.gov/genbank/). The accession numbers for all segments of the six bovine RVC strains are provided in Table 1 . Sequence data were aligned using the CLUSTAL W method in the MEGALIGN program of Lasergene software (DNASTAR) (Thompson et al., 1994) . Genetic distances were calculated using the Kimura two-parameter correction at the nucleotide level and the Poisson correction parameter at the amino acid level (Matthijnssens et al., 2008a) . Phylogenetic analyses were conducted using the neighbour-joining method with the MEGA5 program (Tamura et al., 2011) . The phylogenetic trees were reconstructed with 1000 bootstrap replicates (Saitou & Nei., 1987) . A genetic classification for 10 individual genes other than VP7 gene of RVCs including the six additional bovine RVCs was performed on the basis of cut-off values estimated by Soma et al. (2013) . The genotyping of the VP7 gene was performed by including our data with the recent data reported by Marthaler et al. (2013) .
